The cattle tick Rhipicephalus (Boophilus) microplus is one of the most harmful ectoparasites affecting bovines worldwide. It represents a major threat to livestock industry due to the economic losses caused and diseases associated with these ticks. The most important tick control strategy has been the use of ixodicides, resulting in chemically resistant tick populations. It is necessary to understand the mechanisms that result in resistance so as to create new strategies increasing the lifespan of ixodicides or finding alternative targets to produce new acaricides. In this paper, in order to obtain an insight into the mechanisms that govern ixodicides resistance, we will compare the hemolymph proteome of two tick R. microplus strains, one susceptible (MJ) and one resistant (SA) to ixodicides, using HPLC and 2D electrophoresis. Significant differences were found in protein content between strains using HPLC. 2D electrophoresis revealed that 68 hemolymph protein spots were common between strains; however, 26 spots were unique to the susceptible strain MJ and 5 to the resistant strain SA. The most distinctive protein spots on the preparative gels were selected for further analyses. Nine protein spots were identified by mass fingerprinting, revealing proteins that may have a role in the ixodicides resistance or susceptibility. In this paper, we present the tick hemolymph proteome revealing a set of proteins which suggest a possible role in tick detoxification.
Introduction
Ticks are considered obligate haematophagous ectoparasites that infest wild and domestic animals. They are responsible for significant economic losses mainly associated with mortality and morbidity of livestock animals [1] .
In cattle, the worldwide distributed tick Rhipicephalus (Boophilus) microplus (Acari: Ixodidae) represents an important threat to animal health and production [2] . This tick is especially distributed in tropical and subtropical environments where it infests bovines and is considered one of the most harmful vectors of tick-borne diseases in cattle [3] . In endemic areas with R. microplus, major economic losses are due to anemia which leads to a reduction in weight gain and milk production. Indirectly, the main risk is the transmission 2 BioMed Research International of pathogens such as Anaplasma and Babesia spp., among other bacterial and fungal infections [4] . Tick infestations in bovine cattle are usually treated with chemical ixodicides applied directly to the skin of animals. However, uncontrolled and excessive use of these compounds exerts a selection pressure on those ticks with ixodicides multiresistance. This is a well-known widespread phenomenon that increases the occurrence of food and environmental contamination [2, [5] [6] [7] . In general, the mechanism of resistance is usually associated with increased metabolic detoxification or target site modification, as previously described [7] [8] [9] [10] . Nonetheless, there is still much more to elucidate regarding tick physiology and immunology. Therefore, efforts can be directed to identify novel biomolecules candidates for tick control using other approaches, such as genomics, transcriptomics, and proteomics (omics). The main contribution of genomic approaches in the study of vectorborne diseases is the design of new peptides identified by in silico analysis of transcriptomic and genomic data so as to develop novel vaccines against ticks [11, 12] . For the last ten years, "omics" approaches have provided valuable information regarding tick-host interface immunobiology, mainly by means of genomic, transcriptomic, and proteomic data of several species of ticks, regularly using larvae or engorged females [3, [13] [14] [15] [16] . However, until the last year, the first tick I. scapularis genome was released and new possibilities of study were opened, especially those related to host-tick-pathogen interactions, parasitic processes unique to ticks, tick reproduction, and so forth [17, 18] .
In R. microplus, a proteomic analysis of saliva (sialomes) showed differences in saliva protein profiles and composition between partially engorged (PE) and fully engorged female ticks. This was the first proteomic study of tick saliva that contributed to understanding the role of tick salivary modulators in immunological defense of ticks. Proteins identified in this proteomic analysis included microplusinlike proteins, lipocalins, serpins, and hemelipoprotein (HeLp) [3, 7] . Hemelipoproteins have been reported as the most abundant proteins in tick saliva and in hemolymph in several tick species, in which transcriptional profile and protein localization analyses suggested that this protein may play vital roles in tick feeding and survival [19, 20] . Other proteomic studies have also been performed in Amblyomma americanum (salivary secretions), I. scapularis (saliva protein composition), Ornithodoros moubata (tick saliva), and R. sanguineus (sialoma) [19, [21] [22] [23] . So far, our knowledge of hemolymph proteins in ticks is still scarce, and its relevance lies in the roles this fluid plays in this arthropod. Hemolymph is a fluid that bathes all tissues in ticks. It is the first source of nutrients, transports molecules and hormones, and provides protection to pathogen agents to which ticks are exposed [24] . The hemolymph, as a vehicle of transport of factors related to humoral immune response, has been explored in insects and crustaceans but not in ticks, where it may have a significant role in defense and protection not only to microbial invasions but also to environmental factors such as pesticides [25] . Likewise, the relationship of the hemolymph, immune response, and susceptibility-resistance genotype still remains unclear. Also, to date, no "omics" studies on tick hemolymph have been reported, and much less, the role of hemolymph is unknown. In this work, we present proteomic profiles of hemolymph from resistant and susceptible ticks. The analysis of the proteomic profiles provides useful information for understanding the relationship between ixodicides and the resistance/susceptibility mechanisms of ticks along with the identification of proteins which may have key roles. The goal of this study is to find those proteomic differences between the hemolymph from ticks that are ixodicides-resistant when compared to reference strains susceptible to SDS/PAGE.
Materials and Methods

Tick Strains.
The ixodicide susceptible R. microplus tick strain Media Joya (MJ) and the multiple ixodicides-resistant tick strain San Alfonso (SA) [26] were used in this study ( Table 1 ). The strains have been maintained in controlled infested bovines for many generations and used as reference for the tick ixodicides resistance monitoring programs of the Mexican Federal Government. The resistant strain SA was reared and maintained at Departamento de Ectoparásitos y Dípteros del Servicio Nacional de Sanidad, Inocuidad y Calidad Agroalimentaria (SENASICA-SAGARPA), and susceptible strain MJ at Centro Nacional de Investigación Disciplinaria en Parasitología Veterinaria (CENID-PAVET, INIFAP). Each reference strain was obtained by infesting a bovine with 2 × 10 4 larvae, aged between 10 and 15 days, and then engorged tick females were collected 21 days after infestation and placed in Petri dishes in groups of 10 for immediate hemolymph extraction as reported previously by [27] .
Bioassays on Ixodicides Discriminant Doses.
Bioassays were run as reported previously by [28] . The ixodicides were diluted in trichloroethylene (Sigma-Aldrich) at the following concentrations: coumaphos 0.2%, chlorfenvinphos 0.2%, diazinon 0.08%, chlorpyrifos 0.2%, cypermethrin 0.05%, deltamethrin 0.09%, and flumethrin 0.01%. One milliliter of each dilution was applied evenly to a 7 × 9 cm piece of filter paper (Whatman, Sigma-Aldrich). The trichloroethylene was allowed to evaporate from the filter paper for 2 h. The filter papers were then folded in half and sealed on the slides with clips, which formed a packet into which approximately 100 larvae were placed and then the top of the packet was sealed with another clip. The packets were kept at 27 ∘ C and 92% relative humidity for 24 h. The packets were removed from incubation and opened, live and dead larvae were counted, and the data was processed as percentage of mortality for each tick group under every ixodicide concentration.
Protein and Hemolymph Extraction and Quantification.
Engorged tick females were placed in Petri dishes and observed under a dissecting microscope. The hemolymph was obtained by performing an incision with sterile scalpels in the anterior segment of ticks, very carefully to not damage any internal organ. The hemolymph was mixed with an equal volume of collection buffer (98 mM NaOH, 186 mM NaCI, 1.7 mM EDTA, and 41 mM citric acid, pH 4.5), in sterile tubes (Stoepler et al. 2012 ) and protease inhibitor (Roche). Then, the hemolymph was frozen and thawed three times by placing the tubes in liquid nitrogen for 30 seconds, followed by incubation at 37 ∘ C for 3 minutes, in order to lyse any cell. Extracts were then centrifuged at 14000xg for 10 minutes at 4 ∘ C. The supernatant was collected, quantified by conventional Bradford method (Bio-Rad), and stored at -70 ∘ C [29] . This protocol allowed the collection of 10-20 l of hemolymph per tick, reducing free of detritus cell, melanization rest, tissue debris, or other contaminants.
HPLC Sample Preparation.
The hemolymph from resistant strain SA and susceptible strain MJ was collected as previously described and supplemented with protease inhibitors with 0.01% phenyl thiourea, 1 g/ml leupeptin 10 l/ml, TLCK (L-1-chloro-3-(4-tosylamide)), and 10 l/ml and 1 l/ml PMSF (all supplied from Roche). The resultant supernatants were centrifuged at 12000xg for 30 minutes and then adjusted to 0.1% with trifluoroacetic acid (TFA) (SigmaAldrich).
HPLC Fractioning.
The samples were applied on a C-18 reverse phase HPLC column on an Agilent 1100 series HPLC apparatus and eluted with a 0 to 50 % acetonitrile gradient (ACN) (SIGMA) with 25 minutes of collection and then with 50 to 100% ACN gradient within 20 minutes of collection. The collected fractions were lyophilized and resuspended in 50 l of phosphate-buffered saline 1X.
Zymograms
Assays. 70 ng of protein extract from each hemolymph sample was electrophoresed as previously described [30] . After electrophoresis, gels were stained for detection of catalase and phosphatase enzymatic activity as described previously [31] . 70 ng of each protein extract was assayed by the Sigma5 catalase assay kit and Sigma5 phosphatase colorimetric assay kit according to the manufacturer's instructions. Total proteins were stained by Coomassie brilliant blue R250 (Sigma-Aldrich) 0.5% for reference.
Determination of Phenol Oxidase (PO) Production.
Hemolymph fractions from HPLC fractioning were probed for PO activity using l-DOPA (dihydroxyphenylalanine, Sigma-Aldrich) chromogenic reaction, as described elsewhere (29) . 5 l of the HPLC fractions was mixed with 50 l of 0.13 mg 3-4-dihydroxy-L-phenylalanine/ml distilled water. The solution was incubated for one hour at ambient temperature and the 620 nm absorption was recorded every ten minutes. The slope of the 620 nm OD increase of every fraction tested was compared with the control reaction (H 2 O) and samples with consistent OD increases were graphed in Figure 1 .
Two-Dimensional Electrophoresis (2D-E) and Gel Analysis.
For analytical 2D gels, 35 g of hemolymph proteins was loaded onto broad range lineal 7 cm IPG strips (pH 3-10, GE Healthcare) in rehydration buffer (8 M urea, 2% w/v CHAPS, 0.8% w/V DTT, 1.6% v/v Bio-Lyte Broad Range Ampholytes, and 0.002% w/v bromophenol blue) and left to rehydrate for 12 hours at room temperature. Isoelectric focusing was performed with PROTEAN i12 IEF System for a total of 10,000 V-h in four steps: (1) 125 V for 2 h, rapid; (2) 250 V for 20 min, gradual; (3) 4000 V for 2 h, rapid; and (4) 4000 V for 10,000 V-h, rapid.
Strips were then equilibrated with 1% w/v DTT (Promega) and then with 2.5% w/v iodoacetamide (Sigma-Aldrich) in fresh equilibration buffer (6 M urea, 0.375 M Tris-HCl, pH 8.8 (Sigma-Aldrich), 2% w/v SDS, and 20% v/v glycerol) for 10 minutes each under constant rocking. The second-dimension electrophoresis was performed in 4-20% precast gels (BioRad) in denaturing conditions. Gels were then fixed with buffer containing acetic acid 7% and methanol 10% for 30 minutes.
Protein spots were stained with Sypro Ruby (Bio-Rad) according to manufacturer's instructions. Stained gels were scanned with Typhoon FLA 9500 imaging system (GE Healthcare) and spot analysis was performed with PDQuest software (Bio-Rad). All samples were run in triplicate. Only spots that replicated in at least two out of the three replicates were considered for analysis. Resistance and susceptibility conditions were compared and spot differences were identified.
In order to pick spots for protein identification, samples were run in duplicate. 144 g of hemolymph proteins from resistant strain (SA) ticks and 64.88 g from susceptible (MJ) ticks were loaded onto IPG strips (pH 3-10, lineal) and proteins were separated as previously stated. Gels were fixed and stained with Coomassie G-250. Gel spot picking was performed manually with custom-cut pipet tips over a light box.
Protein Identification Analysis.
A total of 13 protein spots were selected for digestion sequence and mass spectrometry analysis at the University Proteomics Laboratory at Biotechnology Institute of the National Autonomous University of México. In gel digestion of proteins was performed with trypsin (Promega) in reaction buffer containing ammonium bicarbonate 50 mM for 18 hours at 37 ∘ C. Peptides were desalted with Zip Tip C18 (Millipore) and applied to a LC-MS system (Nanoflux Pump EASY nLC II and LTQ-Orbitrap Velos, Thermo Fischer) with nanoelectrospray ionization (ESI). Proteins were identified 
Results
Bioassays on Ixodicide Discriminant Doses.
Resistant strain SA was assayed by using the larval package procedure for discriminant ixodicides doses previously reported [28] ; the bioassay results were used as selection criterion for ticks from where the hemolymph was obtained. Once the packets with ixodicides were opened, live and dead larvae were counted and percentages of mortality were calculated. In Table 1 , percentages of mortality are shown for susceptible strain MJ and resistant strain SA. 100% mortality of susceptible strain MJ was observed with all ixodicides assayed, including organophosphorous, pyrethroids, and amidines. Multiple ixodicides-resistant strain SA showed resistance to the three pyrethroids used (cypermethrin, flumethrin, and deltamethrin) with 0% mortality; on the contrary, 100% mortality was observed with two organophosphorous compounds (diazinon and chlorpyrifos) and 73.24% with coumaphos. This strain also showed 10.76% mortality with amidines (diazinon).
HPLC Chromatography.
Spectroscopy profiles of hemolymph at 280 nm showed different patterns ( Figure 1) ; the profile of the susceptible strain MJ exhibited an increasing complexity when eluted at higher ACN percentage (Figure 1(a), upper) , whereas the profile of the resistant strain SA exhibited a more complex pattern when eluted at lower ACN percentage (Figure 1(b) , upper).
Zymograms Assays.
Catalase and phosphates are key enzymes during xenobiotics metabolism of most metazoan organisms; these enzymes, in combination with other xenobiotic metabolizing enzymes, are required by pesticide resistant arthropods for metabolic degradation of toxic chemicals into less damaging compounds. We considered a possible differential expression of these enzymes when comparing susceptible against resistant ticks.
Phosphatase Activity.
The protein bands pattern with phosphatase activity varied between hemolymphs from susceptible MJ and resistant SA strains as observed in Figure 2 (a). In hemolymph extracts from resistant strain SA, protein bands with enzymatic activity were observed (molecular weight approx. 90 and 170 kDa) and only one protein band with phosphatase activity was observed in susceptible strain MJ hemolymph (molecular weight approx. 90 kDa). A different protein band pattern was also observed between resistant strain SA and susceptible strain MJ larvae extracts.
Catalase Activity.
Catalase activity was assessed in a zymogram of hemolymph and larvae extracts of both resistant SA and susceptible MJ strains as shown in Figure 2(b) .
In hemolymph extracts of resistant strain SA, catalase activity in hemolymph was assigned to seven protein bands with enzymatic activity (molecular weight approx. 8, 17, 50, 60, 90, 110, and 170 kDa), while in susceptible strain MJ hemolymph extracts, this number of bands decreased to three (molecular weight approximately 8, 90, and 170 kDa).
Phenol Oxidase (PO) Activity.
The HPLC fractions showed differential PO activity: susceptible strain MJ hemolymph showed two fractions showing activity eluting from the column around 10% ACN (Figure 1(a), lower) . Resistant strain SA hemolymph fractionation eluted samples with oxidizing activity in the first fractions (0.5% ACN elution) but also at 33%, 40%, and 50% ACN (Figure 1(b) , lower). These multiple peaks of oxidizing activity in the resistant strain SA hemolymph might reflect distinct proteolytic activation of the same enzyme (the hydrophilic protein peak with oxidizing activity eluted at 0.5% ACN elution for the resistant strain SA and 10% ACN for the susceptible strain MJ). Also, the more hydrophobic peaks showing oxidizing activity could correspond to a set of enzymes unique to the susceptible strain MJ.
Protein Identification Analysis.
In order to further explore the differences in the protein from resistant strain SA and strain susceptible MJ R. microplus, we compared their proteomes by means of 2D electrophoresis. The proteome images were analyzed with PDQuest software to detect spots and compare the triplicates. 68 protein spots were common to both strains, 26 spots were unique of the susceptible strain MJ, and 5 were unique to the resistant strain SA. From the spots unique to each strain, we selected those clearly visible in preparative gels. The selected spots were gel-picked and sent for identification by mass fingerprinting (Figure 3) . A total of 13 spots were sent for identification, from which 9 were successfully identified ( Figure 4 , Table 2 ).
Discussion
The massive use of ixodicides from the control of the cattle tick is collaterally producing the right conditions for the selection of resistance. This adaptation is attributed to resistance mechanisms that ticks have to use in order to survive in new and hostile environments, which results in serious problems of chemical tick control for the cattle farmers [46] . Hemolymph is required by all arthropods as blood is for vertebrate organisms; it provides osmotic balance and a mechanism of nutrients and oxygen distribution and also acts as the liquid medium for the propagation of circulating cells and molecules including those related to the immune system and detoxification of pesticides. In this work, we explored the role of hemolymph proteins of susceptible and resistant tick strains with a proteomic approach.
Besides the immunogenic function attributed to hemolymph during pathogen invasion, it also possesses elements used to detoxify ticks when they are exposed to ixodicides. This mechanism is a complex process that includes enzymatic reactions mediated by phosphatases, catalases, and glutathione S transferases [47, 48] , which modify metabolic pathways resulting in metabolic resistance. During this study, we used SDS-PAGE zymograms and found that those polypeptide bands that exhibit specific catalase activity were different when comparing zymograms from resistant strain SA and susceptible strain MJ. The strain SA is regarded as pyrethroid resistance reference strain. According to previous studies, this type of resistance is based on overexpression of oxidases and cytochrome P450 monooxygenases acting in a functional enzymatic combination [49, 50] . The catalase and phosphatase zymogram analysis showed that both strains have a differential pattern of protein bands with enzymatic activity that may be related to ixodicides resistance; whether this is an effective biochemical marker for detection in cattle tick is to be further assessed in future studies, besides a significant role of other enzymes such as glutathione S transferases, oxidases, esterases, and cytochrome P450 monooxygenases [50] [51] [52] in ixodicides resistance of cattle ticks. In fact, other oxidase enzymes such as phenol oxidase (PO) have been reported in insects (Anopheles spp., Triatoma spp.) as part of the melanization process of the protective immune response. However, the role of PO in ticks still remains unknown [53] . So, we tried to correlate the enzymatic activity involved in detoxification with resistant and susceptible phenotypes. We observed higher oxidative enzymatic activity in the hemolymph of the susceptible strain MJ, when compared to the resistant strain SA. It is plausible that cypermethrin/flumethrin/deltamethrin resistance presented in the susceptible strain SA reduced PO activity may be associated with the necessity to metabolically modify pesticides in order to acquire an increased toxic effect [50] . Also, HPLC chromatography profiles of susceptible strain MJ and resistant strain SA revealed that a higher number of peaks were eluted at higher ACN concentrations in susceptible strain MJ; on the contrary, a more complex HPLC profile was obtained at low ACN concentration in resistant strain SA. These results suggested that hemolymph of resistant strain SA has more hydrophilic components than hemolymph of susceptible strain MJ.
In order to explore hemolymph protein differential expression, we carried out 2D electrophoresis. Different spots were identified in protein maps of both strains. We observed a remarkable difference in the amount of spots, especially in resistant strain SA where this number was significantly lower than in the susceptible strain MJ. So far, evolution theories propose that organisms exposed to adverse environmental conditions have to deal with a trade-off of energy and having limited resources for growth, reproduction, and defense to cope with those conditions [54] . Although this condition may be advantageous under certain circumstances, it also can simultaneously reduce several functions related to physical and chemical limitations, as well as to genetic mechanisms and energy assignment (antagonistic pleiotropy) [55, 56] . It is likely that growth, reproduction, and defense performance are linked to a reduced capacity in ixodicides resistance. According to this, the diversity in the number of spots in protein maps (resistant and susceptible phenotypes) suggests that such high number observed is not necessarily associated with a robust resistance mechanism, since we found that the resistant strain SA has fewer spots than the susceptible strain MJ. At this point, we only identified the protein maps of ticks under two conditions; however, the amount of proteins that may directly be associated with resistance or susceptibility is not clear.
Proteomic comparison analysis of both strains revealed that 68 proteins are common to resistant SA and susceptible MJ strains, 26 spots are only present in susceptible strain MJ, and 5 spots are present in resistant strain SA. Of those spots that were exclusively present in susceptible strain MJ, we identified a protein with 100% identity to phospholipases that has not been previously reported. Another protein identified was hemelipoprotein HeLp2 that was overexpressed in susceptible strain MJ. This protein has been reported as part of the tick sialome and considered one of the more abundant proteins in salivary glands of ticks and also of the hemolymph [3] . Since expression of HeLp2 is lower in resistant strain SA, it is likely that this protein does not have a crucial role in resistance mediated by hemolymph components. In the susceptible strain MJ, we also identified microplusin-like 2 protein, one of the main components of innate immune response [45] . We speculate that this protein is present under susceptibility conditions and not in resistance conditions, probably as a result of the trade-off that ticks would be performing when they are exposed to ixodicides. Finally, protein SUSMJ-6304 identified in the susceptible strain MJ is also relevant, since in silico analysis showed that sequence matched with Cu-Zn superoxide dismutase (SOD) in an arthropods database (UnitProt), an enzyme involved in cellular detoxification processes by removing free radicals of many species. Nevertheless, it is known that SOD is highly present in sialome of ticks, so probably the enzyme identified in the susceptible MJ and resistance SA strains would be a leakage from salivary glands to hemolymph. Previously, we measured SOD activity by enzymatic assays of hemolymph of both strains with negative results (data not shown). However, many reports have shown the role of free radicals in the inhibition of some insecticides, which may explain why the spot SUSMJ-6304 of susceptible 11.5/6.51 In ticks, these inhibitors (due to their properties) play a role in the feeding process, however the crucial role is still unclear.
[ 44] BioMed Research International 13 [ 45] strain MJ has a relative abundance higher than the resistance strain SA. In this work, we report the first proteomic approach of tick hemolymph in Mexican R. microplus strains. We identified both previously and never reported proteins, as well as enzymatic activities related to ixodicides susceptibility or resistance, which may be used as future targets for diagnostic, drugs, and vaccines design to contribute to ticks control.
Future perspectives of this work will be driven to develop targets that could be used in prevention and therapeutic methods for a tick integral control.
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